The role of cation and anion uptake in salt-stimulated growth of light-grown, GA3-treated lettuce (Lactuca sativa L.) hypocotyl sections was investigated. Potassium chloride (10 mM) causes a 2-fold increase in the growth rate of GA3-treated hypocotyl sections without affecting the growth rate of sections incubated in the absence of GA3. Salt uptake is the same in both treatments, and furthermore the uptake of cation and anion is stoichiometric during the first 24 hours under all incubation conditions. The importance of the anion for cation uptake is demonstrated in experiments with benzenesulfonate-and iminodiacetate2 . When K+ and Na+ are supplied only as the benzenesulfonate and iminodiacetate salts, growth and cation uptake are markedly reduced compared to KCI and NaCI. Calculation of the osmotic potential of salt-treated sections based on measurement of K+ and Cl-uptake suggests that the observed increase in tissue osmolality is a result of salt uptake. Similarly, uptake of ions can account for the shift in water potential when sections are incubated in 10 mM KCI. We conclude that the change in growth rate of light-grown, GA3-treated sections caused by the addition of KCI or NaCl to the incubation medium results solely from decreased water potential of the tissue due to ion uptake.
Potassium salts have been shown to enhance dark- (11, 19, 20) , auxin- (6, 14, 23, 24) , gibberellin- (15, 19, 21, 22) , and fusicoccin- (12) induced elongation of plant tissues. With the exception of the gibberellins, these agents have been shown to stimulate K+ uptake (2, 3, (6) (7) (8) (9) (11) (12) (13) . It has been proposed that K salts exert their effect on elongation by altering the osmotic potential of the tissue (7, 14, 22, 24) or by directly (23) or indirectly affecting cell wall loosening (7) . K and Na salts have been shown to stimulate the elongation of dark-grown and GA3-treated, light-grown lettuce hypocotyl sections without affecting the elongation of H20-treated, light-grown sections (19, 21, 22) .
We have shown that KCl-stimulated elongation in lettuce hypocotyl sections results solely from cell elongation (21) and is associated with a change in the osmotic potential of the cell sap (22) . This paper describes ion uptake and counter-ion effects associated with K+-stimulated elongation of GA3-treated, lightgrown lettuce hypocotyl sections and assesses the contribution of ion uptake to the osmotic potential of this tissue. L. cv. Arctic (Dobie and Son Ltd., Llangollen, Wales, U.K.) were imbibed in H2O for 1 hr and germinated in darkness at 23 to 24 C for 35 hr as described previously (22) . Hypocotyls were excised under a dissecting microscope and stored in H20 in an ice bath for up to 2 hr. The excised hypocotyl sections were incubated in 2 ml of the specified solutions in 6-cm-diameter plastic culture dishes at 27 C and illuminated from above by General Electric "Daylight" fluorescent tubes at 6 x 103 erg cm-2 sec-1. Gibberellic acid (GA3) was supplied at 15 jM in H2O or the appropriate salt solution. Salts of benzenesulfonic and iminodiacetic acids were prepared from commercial preparations of the free acids by titration to pH 7 with either KOH or NaOH. A stoichiometric titration of the free acid with alkali was evident from measurements of the cation concentration at appropriate dilutions.
MATERIALS AND METHODS
Growth Measurement. The length of sections was measured with a map measurer from the tracings of magnified hypocotyl shadows and growth expressed as section length or as the per cent increase in length (%AL) (19, 22) . The standard error of length measurements does not exceed 10% of the values indicated.
Ion Measurement. Potassium and chloride were desorbed from the tissue by shaking sections in distilled H2O for 15 min. The sections were then blotted dry, weighed, and frozen in 0.1 N HNO3. The frozen tissue was homogenized in a TenBroeck tissue grinder and either centrifuged for 10 min at 20,000g or filtered through Whatman GFC. The supernatant or filtrate was then used for ion analysis. Potassium was measured by atomic absorption spectrophotometry while Cl-was titrated with an Amico/Chloride titrator.
Osmotic Potential Measurements. Fifty desorbed and weighed sections were frozen in a total volume of 1 ml. After thawing, the tissue was homogenized at 2 C, centrifuged at 20,000g for 10 min, and the osmotic potential of the supernatant was determined from its freezing point. At least two measurements were averaged for each sample. Tissue osmotic potential was calculated from the tissue volume, dilution volume, and osmotic potential of the homogenate. Osmotic potentials were also measured from the tissue directly by incipient plasmolysis. Strips of epidermis were removed from hypocotyl sections, incubated in mannitol solutions for 10 min and incipient plasmolysis (50% of all cells) determined using Nomarski interference optics (22) .
RESULTS
Elongation and ion uptake in light-grown, KCl-treated sections are shown in Figure 1 . Sections treated with GA3 in the presence of 10 mm KCl elongate at a rate six times that of H20 + KCl-treated sections after as little as 12 hr of incubation ( Fig. 1, inset) . The rates of uptake of K+ and Cl-over 24 hr, however, are equal in both KCI and GA3 + KCI treatments (Fig. 1) GA3 + KCl-treated sections remain constant ( Fig. 1 ). Figure 2 shows the net increase in K+ and Cl-levels in excised lettuce hypocotyls over 27 hr. GA3 treatment does not stimulate K+ or Cl-uptake during incubation periods of 12 hr or less. Thus, the rates of increase of K+ and Cl-in the hypocotyl are nearly stoichiometric, suggesting a one to one correspondence of cation and anion uptake.
The effect of the anion on salt-stimulated elongation and cation uptake is shown in Figure 3 and Tables I and II . Lightgrown, GA3 + KCl-or GA3 + NaCl-treated sections elongate from 60 to 70% more than sections incubated in GA3 alone. When GA3-treated sections are incubated with the same concentrations of K+ or Na+ supplied as salts of benzenesulfonate-or iminodiacetate2-, however, elongation is enhanced by only 20 to 25% compared to sections incubated in GA3 alone (Fig. 3) . Sections incubated without GA3 show no significant elongation in response to added salts ( Fig. 3 ; Tables I and II) . The amount of growth elicited by KCI and K-benzenesulfonate in GA3-treated sections is closely correlated with the amount of K+ taken up by the tissue (Tables I and II ). In the presence of 5 mM KCl, GA3-treated sections take up 172 nmol of K+ in excess of the minus-salt, GA3-treated sections whereas sections incubated in GA3 with 5 mm K-benzenesulfonate take up 55 nmol more than the GA3 control sections (Table I) . When benzenesulfonate-is the available anion, K+ uptake in GA3 is 68% less than in GA3 + KCl-treated sections. Potassium uptake by H20-treated tissue is also considerably less when K+ is supplied as the salt of benzenesulfonate-than when Cl-is the available anion (Tables I and II (Table II) .
The contribution which salt uptake makes to osmotic potential of cells was estimated by measuring both K+ and Cl-uptake and correcting for solute dilution due to changes in tissue volume (Table III) . Sections incubated in GA3 + KCl decrease in volume twice as much as GA3-treated sections while KCI treatment in the absence of GA causes only small increases in tissue volume. Although the calculated contributions of K+ and Cl-to the osmotic potential are not corrected for dilution due to free space during homogenization, they closely correspond to the measured osmotic potentials of both GA3-and H20-treated tissues despite large differences in tissue volume (Table III) . If one assumes a 20% error due to free space, the calculated osmotic potentials are within 10% of the corrected observed values.
The effect of GA3 and KCI on the water potential of hypocotyl sections is shown in Tables IV and V. Sections treated with GA3 elongate at a rate 4-fold that of H20-treated sections in the absence of mannitol but elongation in both GA3 and H20 is prevented by 0.23 M mannitol (Table IV) . The osmotic potential of nongrowing sections is -7.9 bar regardless of whether sections are treated with H20 or GA3. When sections are incubated in 10 mm KCl, higher external osmotic challenges are required to prevent elongation (Table V) . The water potential of the tissue, relative to the minus-salt treatments, is decreased by 1.2 bar by the GA3 + KC1-and by 1.7 bar by the H20 + KCl-treatments (Table V) . Measurement of K4 and Cluptake during 6 hr of incubation indicates that ion accumulation can account for a 1.2-bar change in the osmotic potential of the lettuce hypocotyl section (Table V) .
DISCUSSION
In light-grown lettuce hypocotyl sections blue and far red light inhibit elongation while the addition of GA3 reverses this inhibition (19) . Potassium enhance the elongation of GA3-treated, but not H20-treated, sections (19, 21, 22) . The synergistic action of salts on GA3-stimulated elongation is not due to hormone-stimulated ion uptake, however ( Figs. 1 and 2 ). Although enhancement of growth by salts can be readily detected by 6 hr of incubation in GA3 (19, 22) , GA3 has no effect on the rate of K+ or Cl-uptake. Furthermore, the accumulation of K+ is stoichiometrically related to Cl-uptake in both GA3-and H20-treated sections (Fig. 2) . These results contrast with the effect of auxin on KCl uptake in elongating sections. Although KCI interacts synergistically with auxin in stimulating elongation (24) , auxin has been shown to enhance K+ uptake (3, 6, 7, 9, 12) while having little (18) or no effect on Cl-uptake (6). Rather, K+ uptake by auxin-responsive tissue is accompanied by a nearly equal efflux of protons and the synthesis of malate2- (6, 7, 12, 13) . There is no reason to assume that proton efflux is associated with KCl-stimulated growth of lettuce hypocotyl sections. Since the uptake of K+ and Cl-is nearly stoichiometric, additional cation or anion exchange may not occur. Our unreported gas chromatographic analysis indicates that Krebs cycle acids are neither qualitatively nor quantitatively changed by GA3 or KCl treatment.
The salt-stimulated elongation of light-grown, GA3-treated lettuce hypocotyl sections is, in general, greatest when K+ or Na+ is supplied as halide or nitrate salt and is less for SO42-and P043-salts (ref. 22 ; Table II ). The effect of anion uptake on salt-stimulated growth was investigated with benzenesulfonateand iminodiacetate2-since these anions do not readily penetrate plant membranes (16) . When K+ was supplied at 5 mm, the salt-stimulated elongation of GA3-treated sections incubated in either K-benzenesulfonate or K-iminodiacetate was less than 30% of the elongation elicited by K+ salts of Cl-or NO3-( Fig.  3 ; Tables I and II) . The difference in K+ uptake between sections treated with Cl-and benzenesulfonate-is directly proportional to the amount of salt-enhanced, GA3-induced growth in GA3-treated sections (Tables I and II) . The lower level of ion uptake and salt-enhanced growth in tissue incubated in 5 mm K-benzenesulfonate as compared to KCI cannot be attributed to anion toxicity, since addition of an equivalent amount of KCl restores both K+ uptake and salt-stimulated growth (Table I) . Benzenesulfonate-also affects the rate of K+ uptake, relative to KCl, in H20-treated sections. The counterion effects observed in lettuce hypocotyl sections are similar to those observed in roots for the low affinity absorption of K+ and Rb+. For example, when barley roots are incubated in solutions of 0.5 to 50 mm KCI, the rate of K+ uptake increases with increasing salt concentration, whereas when K+ is supplied as K2SO4, there is less K+ influx (4, 10) . This conter-ion effect has been attributed to the relative immobility of SO42-compared to Cl-(4). Our results with lettuce hypocotyl sections also suggest that cation uptake is directly affected by the available anion since K+ uptake is low in sections incubated in SO42-and benzenesulfonate-salts but high when Cl-or NO3-is present (Tables I and II) .
As would be predicted from the ion uptake data shown in Figures 1 and 2 (Table III) . Similarly, ion accumulation can also account for the shifts in water potential observed when sections are incubated in KCl (ref. 22 ; Table V) .
Using the method of growth analysis developed by Green and Cummins (5), we have shown that GA3-induced growth is the result of increased extensibility in lettuce hypocotyl sections (22) . This analysis relies on the assumption that GA3 treatment does not directly modify the turgor pressure of the hypocotyl, but that turgor pressure remains constant as in the Avena coleoptile during auxin-induced growth (14) . Evidence supporting this assumption is shown in Table IV . The water potential, which is equal to the external osmotic concentration necessary to prevent elongation, is the same (-5.5 bar) for H20-and GA3-treated sections (ref. 5; Table IV ) and the osmotic potential of cells of these sections is also the same (-7.9 bar). By difference, the residual turgor pressure, defined as yield threshold (1, 5, 17), of both GA3-and H20-treated sections incubated in 0.23 M mannitol is 2.4 bar. When sections are incubated in KCl the water potential decreases by 1.2 bar in GA3 + KCItreated sections and by 1.7 bar in H20 + KCI-treated sections. Since ion accumulation can theoretically account for a 1.2-bar shift in the osmotic potential of either GA3 + KCl-or H20 + KCl treated sections (Table V) , we conclude that the yield threshold of excised lettuce hypocotyls is not significantly changed by KCl incubation.
CONCLUSIONS
Although GA3 + KCl-treated lettuce hypocotyl sections elongate at a ratio six times that of KCl-treated sections, GA3 does not affect K+ or Cl-uptake over short incubation times. Our results suggest that cation and anion uptake may be coupled since: (a) K+ and Cl-uptake are stoichiometric; and (b) immobile or impenetrable anions inhibit K+ uptake. Changes in the osmotic potential of sections treated with KCI are quantitatively correlated with the amount of K+ and C1-taken up regardless of whether sections are incubated in GA3 or H20. Our data suggest that the change in growth rate of sections in response to GA3 + KCl results from the decreased water potential of the tissue rather than from a change in the yield threshold. This similar to our previously reported observation (22) that the GA3-stimulated elongation of light-grown lettuce hypocotyl sections is due to an increase in cell wall extensibility, not to a change in the yield threshold of the tissue.
